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s: 

^ ! Abstract 

a, 

^ ■ Terahertz magnetic resonance driven by the hght electric field, now referred 

to as electromagnon, has stimulated interest due to its strong candidate for 

K>- ' future spin-electronics. One unique characteristic of electromagnons is the 

^ ' terahertz magnetochromism, a color change by external magnetic field, as 



recently demonstrated in the hexaferrite. By taking perovskite manganites 



p 

O I and hexaferrite as model cases, the current understating of the electromagnon 



activity is discussed in terms of the symmetric exchange mechanism. 
Keywords: Electromagnons, Terahertz, Multiferroics 

1. Introduction 

The control of the magnetic state by external electric field or the po- 
larization state by external magnetic field is a demanding functionality for 
spin-electronics technology. However, the materials showing such magneto- 
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electric (ME) effect are still rare. Therefore, recent findings of the gigantic 
ME response in multiferroics endowed with ferroelectric and magnetic orders 
have stimulated considerable interest [l|, l2|. To explain the magnetically- 



induced ferroelectric polarization P^ in multiferroics, the spin-current 



3| or 



inverse Dzyaloshinskii-Moriya (DM) model [^ is proposed, which is simply 
expressed by 



J s OC Cij X i^bi X bj), 



(1) 



where ejj_^the unit vector connecting the neighboring spins Si and Sj [Fig. 



1(a)] 



a 



In this model, Pg can be produced along the direction per- 



pendicular to the modulation vector q and within the spiral spin plane [Fig. 
1(a)]. This is consistent with the experimental data of non-collinear spiral 
magnets such as perovskite RMnO^ {R represents the rare-earth ions), in 
which Pg appears along c-axis in the be spiral spin ordered phase (see, the 
right panel of Fig. 2) 6j. 

An important consequence of such ME effect in multiferroics is the dy- 
namical coupling between ferroelectricity and magnetism [7]. One such ex- 
ample is the electric-dipole active magnetic resonance, now termed electro- 
magnon. Usually, the magnetic resonance driven by the light H vector shows 
up in the magnetic permeability spectrum fi{oj) at gigahertz to terahertz fre- 
quencies. This is well known as an antiferromagnetic resonance (AFMR) for 
the case of antiferromagnets. On the other hand, the electromagnon can be 
excited by the light E vector rather than by the light H vector and thus the 
resonance shows up in the dielectric constant spectrum e{u). Up to date, 
the emergence of electromagnons was argued in a variety of magnetic oxides 



such as perovskite i?MnO; 



M 



10|, PMnaOg [ll|, hexagonal YMnOg (l2|, 



Q 



n 



BiFeOa [ij], Ba2Mg2Fe]2022 llJ,ll5|, CuFei_^Ga^02 [16], Ba2CoGe207 [l7|, 



and Dy3Fe50i2 garnet [18|. Contrary to the origin of the ferroelectricity in 
multiferroics based on Eq. (1), the electromagnon activity mainly comes 
from the symmetric exchange interaction, as discussed in i^MnOs as a model 



case 



19 



20 



21 



22l |. This clearly means that the fingerprint of the electro- 



magnon would be generally found in a variety of magnets, not limited to 
multiferroics. 



2. Electromagnons in iiMnOa 

First possible signature of the electromagnon was identified as a single 
peak around 2 meV (4 meV ~ 1 THz) in e spectrum in prototypical multi- 
ferroics, TbMnOa and GdMnOs 23|]. As the conventional AFMR is observed 



at terahertz frequencies in perovskite RMnO^ 24|, the measurements of the 
complete set of the light-polarization dependence with respect to the crys- 
tallographic axis is indispensable to identify the contribution of n(u) to the 
optical constants h {=y/ejl), as carefully performed in DyMnOs [25| and 
TbMnOa 26|]. As an example of the electromagnon in i^MnOa, we show in 
Fig. 2 the imaginary part of e/i spectra of DyMnOs for E"^ 1 1 o- and H'^ \\ c 
at various spin ordered phases, measured by using terahertz time-domain 
spectroscopy [lO|, l25|. The quantity e/x is used as there is a contribution of 
/i of AFMR for H'^ || c in this configuration. As lowering temperature, the 
electromagnon for E^ \\ a is discerned in the sinusoidal collinear spin ordered 
phase below 39 K and finally grows in intensity in the thermally-induced be 
spiral spin ordered phase below 19 K. Among i^MnOs, DyMnOa produces 
the largest spectral weight of the electromagnon. Contrary to early experi- 



ment, the electromagnon spectrum is revealed to spread over an energy range 
of 1-10 meV and shows the two peak structures around 2 meV and 6 meV 
(Fig. 2). 

In an early stage of the electromagnon study, the origin of the electro- 
magnon for E^ II a was believed as a result of the rotation of the spiral spin 
plane, and hence the modulation of Pg based on Eq. (1). However, the cur- 
rent understanding is that the exchange striction, inherent to the chemical 
lattice of the perovskite structure, can act as a source of the electromagnon 
activity. A direct experimental proof of above consideration was provided 
from the measurements of the effect of the magnetic field on the electro- 



magnon spectra of DyMnOa 25|. At 7 K in magnetic fields above 2 T, we 
can induce the flop of the spiral spin plane from be to ab |6|, as schematically 
shown in right panels of Fig. 2. As seen in Fig. 2, the electromagnon for 
E'^ II a is clearly visible even in the magnetically-induced ab spiral spin or- 
dered phase, as exemplified by e/x spectra at 3.3 T and 5.9 T; this is a direct 
proof that the electromagnon is independent of the orientation of the spiral 
spin plane and uniquely shows up only along a-axis. The same tendency 
was lately confirmed in the thermally-induced ab spiral spin ordered phase of 



Gd 



0.' 



7Tbo.3Mn03 with the complete set of the light-polarization dependence 
27 1 and the magnetically- induced ab spiral spin ordered phase of TbMnOs 
19|. 

To explain the unique selection rule of the observed electromagnons, i.e., 
only electric-dipole active along a-axis, the symmetric exchange mechanism 



is proposed 19|, |20||, in which the non-collinear spin structure can produce 



the polarization APjj, as simply expressed by 

APijOcASi-Sj. (2) 

7or the case of i^MnOs, APij is built in via the Mn-O-Mn bond distribution 



3 



19| or staggered eg orbital ordered state along a-axis J20|], as schematically 
shown in Fig. 1(b). In E'^ || a configuration, AP^j is only produced along 
a-axis as ASi is not perpendicular to Sj. Indeed, the calculation based on 
above scenario can reproduce the higher-lying electromagnon around 6-10 



meV 



m 



20 



21| . The validity of this scenario was confirmed by the sys- 
tematic investigation on the electromagnon spectra by changing the ionic 
radius oi R {R = Gd, Gdo.rTbo.s, Gdo.irbo.5, Gdo.iTbo.g, Tbo.41Dyo.59, and 
Dy) and hence the exchange energy J |28|. Recently, the lower- lying electro- 
magnon around 2 meV was also reproduced by introducing the deformation 



of the higher order spiral spin plane 22|. Therefore, the electromagnon of 



i^MnOs appeared in the energy range of 1-10 meV can be regarded as the 
electric-dipole active one magnon excitation. Contrary to the origin of the 
ferroelectricity in RMnO^ as expressed by Eq. (1), the electromagnon activ- 
ity is induced via the symmetric exchange mechanism based on Eq. (2). 

3. Terahertz magnetoelectric response via electromagnons 

Although the electromagnon is now widely observed in a variety of antifer- 
romagnets, there is a strong demand for the electromagnon in ferromagnets. 
One such candidate is a Y-type hexaferrite Ba2Mg2Fei2022- At room temper- 
ature, Ba2Mg2Fei2022 shows the ferrimagnetic order within the (001) plane, 
composed of two magnetic sublattice blocks L and S [Fig. 3(c)]. It under- 
goes the proper screw spin transition around 195 K at which spins rotate 



with the propagation vector along [001]. With decreasing temperature below 
50 K, spins decline along [001] and the longitudinal conical spin structure 
characterized by the conical angle 9 is finally formed, as schematically shown 
in Fig. 3(c). At 6 K in zero magnetic field, 6 was estimated to be about 20° 



according to the recent neutron scattering experiments 



A remarkable characteristic of Ba2Mg2Fei2022 is the emergence of the 



ferroelectricity 



30 



3l| . In the magnetic field along [100] , the transverse con- 



ical spin ordered phase can be realized as a result of declining the cone axis 
toward [100] 30|,|32|. It can be viewed as the spiral plus ferromagnetic orders; 
therefore, according to Eq. (1), P^ emerges along [120] both perpendicular 
to the directions of the modulation vector [001] and the rnagnetic field [100] 
[see. Fig. 3(c)], which is confirmed experimentally 30|, ImIJ- Furthermore, 
Ba2Mg2Fei2022 is unique in the sense that the thermally-induced spin struc- 
ture can be easily controlled by applying the magnetic field along [001]; in 
this case, although there is no route to induce the ferroelectricity [Fig. 1(c)], 
the spin structure can transform from the proper screw to the ferrimagnetic 
through the conical spin ordered phases. 

In the longitudinal conical spin ordered phase realized in zero magnetic 
field [Fig. 3(c)], the electromagnon was identified on the basis of the contem- 
porary measurements of terahertz time-domain spectroscopy and inelastic 
neutron scattering [lj|. Figure 3(a) shows the light-polarization dependence 
of €2 spectra, measured at 5 K. In this case, the contribution of niu) to h is 
negligible, hence 62 was used as a quantity. The sharp resonance absorption is 
discerned around 2.8 meV when E^ was set parallel to [001]. By changing the 
direction of E^ from [001] to [120], while keeping the direction of H'^ along 



[100], this resonance disappears. Therefore, it was assigned to the electric- 
dipole active mode, inherent to the longitudinal conical spin structure. Ac- 
cordingly, the clear peak structure is observed around 3 nieV in the magnetic 
excitation spectrum at the zone center 6 = [Q = {2 + 6, —2 — 6, 6) in the Bril- 
louin zone], as shown in Fig. 3(b). The magnon dispersion curve is parabolic 
as a function of 6 [inset of Fig. 3(b)]. Based on two different experimental 
probes, the observed resonance around 2.8 meV is assigned to the electro- 
magnon, the first example of the electromagnons in the ferro(ferri)magnets. 
As mentioned, the external magnetic field can dramatically modify the 
spin structure of Ba2Mg2Fei2022- By an application of the magnetic field 
along [001], the magnetization yields the large saturation moment ~ 8 //b 
per formula unit at 7 T, and correspondingly 9 can be perfectly controlled 
from 0° (proper screw) to 90° (ferrimagnetic) through 0° < ^ < 90° (longi- 
tudinal conical), as schematically shown in the right panel of Fig. 4. This 
magnetic control of the spin structures leads to the change of the spectral 
shape of the electromagnon inherent to the longitudinal conical spin ordered 
phase. Near the proper screw to the longitudinal conical spin transition tem- 
perature at 54 K in zero magnetic field, no signature of the electromagnon 
is found (Fig. 4). On the contrary, in magnetic fields, there is a remarkable 
signature of the electromagnon due to the evolution of the longitudinal coni- 



cal spin order. This is viewed as a gigantic terahertz magnetochromism |15 |. 
The gigantic change of 62 is identified even at 0.3 T. This is because that the 
small magnetic field is enough to induce the longitudinal conical spin struc- 
ture. With further increasing magnetic fields, the spins become coUinear and 
exhibit ferrimagnetic order along [001]. In this phase, the electromagnon is 



diminished. 

The mechanism of the electromagnon activity may share the same ori- 
gin of i^MnOs- In Ba2Mg2Fei2022, the longitudinal conical spin structure is 
composed of L and S blocks of Fe ions along [001] [Fig. 3(c)]. We focus on 
three Fe ions located between L and S blocks on the basis of the neutron 
scattering experiment 



331 ]. The spin component of these Fe ions projected 
on (120) plane is schematically shown in Fig. 1(d). In this case, non-zero 
component of APij along [001] is induced in response to E'^ as ASi is not 
perpendicular to Sj. As the magnitude of APij depends on 9, the electro- 
magnon intensity should be scaled with sin^ 9 and shows the maximum at 
9 = 45°. The validity of which can be identified by the detailed magnetic 
field effect of the electromagnon; the electromagnon intensity indeed reaches 



the maximum around 9 = 45° 



15|. 



4. Summary and Prospect 

In cases of perovskite i^MnOs and Ba2Mg2Fei2022, the mechanism of the 
electromagnon activity is likely from the exchange striction induced by the 
non-coUinear spin order. This is in contrast to the origin of the ferroelectricity 
in these compounds induced by the spiral spin order. Therefore, we can 
anticipate that the electromagnon activity is ubiquitous and its signature 
should be detected in a variety of magnets, not restricted to multiferroics. 

To identify the electromagnon activity, the light-polarization measure- 
ment is indispensable, as firmly performed for cases of perovskite i^MnOa 
and Ba2Mg2Fei2022- The usefulness of which is also demonstrated in the 
study of a triangular antiferromagnet CuFe02. In the coUinear spin ordered 



8 



phase of CuFe02, two sharp resonances around 1.2 meV and 2.4 meV in 
the transmission spectrum were aheady observed and assigned to AFMRs 
based on the electron spin resonance (ESR) experiments ^i4\. However, re- 
cent terahertz time-domain spectroscopic investigations on the basis of the 
hght-polarization dependence was revealed that one of two resonances (~ 2.4 



meV) can be assigned to the electromagnon |16[ |. 

Strong enhancement of versatile optical properties or ME effect in the dy- 
namical regime via electromagnons is a big challenge to widen the bottle-neck 
of the spin-electronics technology. As such example, we showed the gigantic 
terahertz magnetochromism via electromagnons observed in Ba2Mg2Fei2022- 
The microscopic origin of the electromagnon activity is relevant to the lo- 
cal polarization, which is modulated by the exchange striction mechanism. 
Therefore, the modification of the conical angle by external magnetic fields 
can lead to the gigantic terahertz magnetochromism as presented here. An- 
other remarkable ME response via electromagnons is recently demonstrated 
in a square-lattice antiferromagnet Ba2CoGe207 [l7|. By using terahertz 
time-domain spectroscopy, there found the noticeable two peak structures 
around 2 meV and 4 meV in the absorption spectrum. The former is as- 
cribed to the AFMR driven by H'^, as previously revealed by the inelastic 
neutron scattering [35]. However, the latter is assigned to the hybrid mode 
of the electric and magnetic excitations (or electromagnon) on the basis of 
the detailed light-polarization dependence. Noticeably, only near the electro- 
magnon resonance, Ba^CoGe^O? shows the gigantic terahertz non-reciprocal 



directional dichroism 17|, in which the light propagates in a different man 



ner in forward and backward directions 



Contrary to cases of i^MnOa 



and Ba2Mg2Fei2022, the observed non-reciprocal directional dicliroism is ar- 
gued within the framework of the spin- dependent metal-ligand hybridization 



mechanism 37 1. 



An another challenging issue is the phase control via the coherent control 
of the electromagnon. As theoretically proposed in RMnO^, the intense 
terahertz pulse with a peak amplitude in the order of MV/cm is possible to 



control the spin chirality {Si x Sj) and hence the ferroelectricity [38|. This 
would be the hallmark of the electromagnon as the medium of the versatile 
terahertz optical switch. 
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Figure 1; (color online) Mechanisms of the spin-dependent polarization based on Si x Sj 
and ASi ■ Sj. (a) In spiral magnets such as -RMnOa, Pg (shown by an arrow) emerges 
according to Eq. (1), while (c) no Pg in the longitudinal conical spin ordered phase, as 
realized in Ba2Mg2Fei2022- On the other hand, the exchange striction mechanism in the 
dynamical regime acts as a source of the electromagnon activity in both (b) spiral and (d) 
longitudinal conical magnets. In both cases, A.Pij becomes non-zero in response to the 
light E field indicated by shaded arrows. 
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Figure 2: (color online) Electromagnon in be and ab spiral spin ordered phases of DyMnOa 
10|,|25|. Imaginary part of e/i spectra at selected temperatures and magnetic fields. The 
light E vector was set parallel to a-axis. In the be spiral spin ordered phase below 19 K, two 
peak structures around 2 meV and 6 nieV are discerned, which is a general characteristic 
of the electromagnon spectra in perovskite -RMnOs. ab spiral spin ordered phase was 
induced by an application of the magnetic field along 6-axis at 7 K. 
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Figure 3: (color online) Electromagnon in the longitudinal conical spin ordered phase of 
Ba2Mg2Fei2022 [1J|- (a) Imaginary part of e spectra at 5 K, measured by using terahertz 
time-domain spectroscopy. Sharp resonance around 2.8 meV is visible when the light E 
vector was set parallel to [001]. (b) Inelastic neutron scattering spectrum at zone center 
in the Brillouin zone, measured at 10 K. Inset shows the magnon dispersion with respect 
to (5. (c) Schematic illustration of the longitudinal conical spin structure characterized by 
the conical angle 9 with crystal orientation. 
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Figure 4: (color online) Gigantic terahertz magnetochromism via electromagnons in 

Ba2Mg2Fei2 022 [iSj- Imaginary part of e spectra at selected magnetic fields up to 7 

T, measured at 52 K; data are arbitrarily offset. Near 50 K, we can control the spin 

structures by applying the magnetic field along [001] from the proper screw (at T) to 

the collincar ferrimagnetic (> 2.5 T) through the longitudinal conical spin structures, as 

schematically shown in the right side of figure. As the electromagnon becomes active only 

in the longitudinal conical spin ordered phase, the spectral shape of the electromagnon 

dramatically changes in magnetic fields. 
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